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Abstract: Glioblastoma multiforme is one of the most malignant types of cancer. This is mainly due to
a cell subpopulation with an extremely aggressive potential, called glioblastoma stem-like cells (GSCs).
These cells produce high levels of extracellular adenosine which has been associated with increased
chemoresistance, migration, and invasion in glioblastoma. In this study, we attempted to elucidate
the mechanisms that control extracellular adenosine levels in GSC subtypes. By using primary
and U87MG-derived GSCs, we associated increased extracellular adenosine with the mesenchymal
phenotype. [3H]-adenosine uptake occurred mainly through the equilibrative nucleoside transporters
(ENTs) in GSCs, but mesenchymal GSCs have lower expression and ENT1-mediated uptake
activity than proneural GSCs. By analyzing expression and enzymatic activity, we determined
that ecto-5′-nucleotidase (CD73) is predominantly expressed in proneural GSCs, driving AMPase
activity. While in mesenchymal GSCs, both CD73 and Prostatic Acid Phosphatase (PAP) contribute to
the AMP (adenosine monophosphate) hydrolysis. We did not observe significant differences between
the expression of proteins involved in the metabolization of adenosine among the GCSs subtypes.
In conclusion, the lower expression and activity of the ENT1 transporter in mesenchymal GSCs
contributes to the high level of extracellular adenosine that these GSCs present.
Keywords: adenosine; glioblastoma; glioblastoma stem-like cells (GSCs); equilibrative nucleoside
transporter 1 (ENT1).
1. Introduction
Glioblastoma (GBM) is one of the most malignant types of tumors of the central nervous system [1].
This neoplasia is found in the intracranial tissue/glial cells, which are responsible for supplying
functional nutrients and oxygen to the neurons [2]. Despite the variety of modern therapies against
GBM, it is still a deadly disease with an extremely poor prognosis [3–5]. One reason behind this
Cells 2020, 9, 1914; doi:10.3390/cells9081914 www.mdpi.com/journal/cells
Cells 2020, 9, 1914 2 of 16
unsuccessful prognosis is the nature of glioma cells, which infiltrate healthy brain tissue and have a direct
impact on the neurologic function of the brain, psychological health, and quality of life, causing serious
consequential problems in GBM patients [6,7]. Patients usually have a median survival of approximately
14 to 15 months after diagnosis, despite the current optimized therapies [8]. GBM is characterized by
its persistence through self-renewing highly tumorigenic cancer stem-like cells (CSCs) [9]. Evidence
suggests that CSCs play an important role during the onset, progression, and recurrence of a tumor
and are primarily responsible for radiation and chemotherapy resistance and, therefore, poor patient
survival [9,10]. Thus, Glioblastoma Stem-like Cells (GSCs) have emerged as the primary target for
therapy against Glioblastoma, but success has been limited [11,12]. Additionally, previous studies
have identified two GSC subtypes called proneural and mesenchymal GSCs, which exhibit different
metabolic, growth, and malignancy properties and, therefore, different response to therapies [13–15].
In culture, mesenchymal GSCs grow as semi-adherent neurospheres, exhibit high glycolytic activity,
express markers such as CD44, ALDH1A3, and ITGB5, and give rise to more aggressive tumors than PN
GSCs. Proneural GSCs grow as suspension neurospheres, have a high proliferative rate, and express
markers such as CD133, SOX2, OLIG2, miR20b, and miR125b [12–15]. These subtypes may restrain the
development of successful GBM therapies unless diagnostic tools are developed and the particular
susceptibilities of subpopulations are recognized [16–18].
Research performed in recent years shows that the malignant progression of GBM involves several
cooperative processes, where adenosine appears to play a fundamental role [6,19–21]. Adenosine is an
endogenous purine nucleoside that mediates multiple physiological processes in the brain, such as
metabolism, cell signaling, purinergic neurotransmission, and inflammation [22–24]. This nucleoside is
aberrantly increased in the GBM tumor microenvironment. This has been associated with pathogenic
adenosine signaling, cell migration/invasion, and chemoresistance in GSCs [6,19,25]. Therefore,
knowing and understanding the different cellular mechanisms that modulate extracellular adenosine
levels can lead to the development of new and even personalized therapeutic strategies against GSCs.
The extracellular adenosine levels in the tumor microenvironment are the product of different
processes. Adenosine may be produced by two ectoenzymes, ecto-5′-nucleotidase (NT5E or CD73)
and Prostatic Acid Phosphatase (PAP), that hydrolyze the nucleotide precursor AMP [19,26,27].
Further, adenosine movement through the plasma membrane, mediated by concentrative nucleoside
transporters (CNTs) or equilibrative nucleoside transporters (ENTs) [28–30], contributes to regulating the
extracellular levels of adenosine: since the nucleoside may enter the cells to then be metabolized [31–33].
The CNT family is composed of three members (CNT1-CNT3); they actively transport substrates
against a chemical gradient in a strict sodium-dependent manner. ENTs are passive transporters
specific to eukaryotes, this family is composed of four members (ENT1–4) [30,34]. CNTs and ENTs
regulate the physiological cellular uptake of purine and pyrimidine nucleosides and nucleobases,
the precursors of nucleotides that are essential for DNA and RNA synthesis [29,30,35]. These two
families of transporters are also involved in the uptake of nucleoside analogs currently used in the
treatment of solid tumors and other diseases [29,30].
Because nucleoside transporters are important modulators of extracellular adenosine levels and
play key roles in the uptake of anti-cancer nucleoside analogs, an important goal for the development
of future therapies against GBM is to study and evaluate the expression and/or activity of CNTs and
ENTs in GSC derived from human biopsies.
2. Materials and Methods
2.1. Pharmacological Agents
For in vitro studies NBTI (nitrobenzylthioinosine, Tocris®, Bristol, UK) was used as an inhibitor
of Equilibrative Nucleoside Transporters and 0.001% DMSO as a vehicle.
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2.2. Cell Culture
Human U87MG GBM (ATCC®, HTB-14TM) cell line was grown in differentiation DMEM-F12
medium supplemented with 10% fetal bovine serum and penicillin-streptomycin (Life Technologies,
Carlsbad, CA, USA) in standard culture conditions (37 ◦C and 5% CO2).
2.3. Glioblastoma Stem-Like Cell Culture
For the generation of GSC from the U87MG cell line (ATCC® HTB-14TM), the cells were grown in
neurobasal medium (Gibco, Waltham, MA, USA) supplemented with EGF (20 ng/mL; Peprotech©,
Rocky Hill, NJ, USA), bFGF (20 ng/mL; Peprotech©), 1X B27 (Gibco™), 1× Glutamax (Gibco) and
penicillin/streptomycin (100 U/mL, Gibco) at 37 ◦C. After 5 days of culture, GSCs were plated to carry
out different tests and treatments. Further, GSC primary cultures (PC) were obtained from resected
human GBM cultured in M21 medium as described in [36]. Human tissue samples were obtained from
patients treated at the hospital HM Universitario Sanchinarro. Permission to use this material was
obtained from the ethical review board in Comité Ético de Investigación Clínica del Grupo Hospital
de Madrid (ethical code number: 14.10.632-GHM, date of approval: 3 November 2014), and written
informed consents were obtained from patients. The work was carried out following the rules of the
Declaration of Helsinki. For expansion, GSCs were washed with PBS 1X and then treated for 10 min at
37 ◦C with StemPro® Accutase® (ThermoFisher, Waltham, MA, USA). Subsequently, the cells were
maintained in M21 medium for the generation of new GSCs.
2.4. Adenosine Quantification
U87MG and PC GSCs were maintained under standard culture conditions (37 ◦C, 5% CO2) for
4 days. Then, GSCs were washed with PBS 1X two times and incubated in 500 µL of Tyrode’s buffer for
1 h at 37 ◦C. Later, 200 µL of this incubation medium was mixed with 100 µL of citrate buffer (pH 4).
Following derivatization with 2-chloroacetaldehyde (Merck®, Darmstadt, Germany) adenosine levels
were determined by HPLC fractionation in a Chromolith Performance RP-18e column (Merck®) and
fluorescent detection [19]. Adenosine concentrations (nM) were normalized to the total protein levels (µg).
2.5. Nucleoside Transport Activity
GSCs generated from U87MG and PC were incubated in 200 µL of choline solution (in mM:
5.4 KCl, 1.8 CaCl2, 1.2 MgSO4, 10 Hepes, 137 choline chloride, pH 7.4) supplemented with 1 µM
NBTI or 2 mM hypoxanthine for 30 min. Nucleoside transport activity was assayed in a choline
buffer supplemented with 1 µM NBTI or 2 mM hypoxanthine and 10 µM of adenosine containing
2,3[3H]-adenosine (2 µCi/nmol)(American Radiolabeled Chemicals, ARC®, Inc., St. Louis, MO, USA)
for 30 s at 22 ◦C. Transport was stopped by washing with 1 mL of cold buffer composed of 137 mM
choline chloride and 10 mM Tris-Hepes (pH 7.4). GSCs were then centrifuged at 2500× g for 5 min at 4 ◦C
and washed again. Then, the pellet was dissolved in 250 µL of 0.5 M HCOOH. Aliquots were sampled
for protein determination and radioactivity counting. Particular uptake rates mediated by ENT1 or
ENT2 were assigned to transport activities that were inhibited by 1 µM NBTI or 2 mM hypoxanthine,
respectively [32]. Total nucleoside uptake in cells mediated by concentrative and equilibrative systems
was also measured using a transport buffer containing sodium chloride. Sodium-dependent uptake
rates mediated by CNTs were obtained by subtracting adenosine uptake in choline buffer to the total
adenosine uptake in buffer containing sodium chloride.
2.6. Western Blots
Total proteins extracts (50 µg) obtained from U87MG GSCs and PC GSCs were fractionated
by SDS-PAGE, transferred to 0.22 µm PVDF membranes (general electric, GE®, Boston, MA, USA)
and blocked with 1X PBS/0.05%tween/1%BSA or 5% non-fat milk for 1 h. Then, membranes were
incubated overnight with primary antibodies (Table S1) at 4 ◦C followed by a secondary antibody-HRP
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conjugate during 1 h. Western blots were revealed using the SuperSignal™ West Dura Extended
Duration Substrate kit (Thermo Fisher Scientific) and images were quantified by densitometry analysis
(ImageJ, NIH).
2.7. RNA Extraction and qRT-PCR
U87MG and PC GSCs were maintained under standard culture conditions (37 ◦C, 5% CO2) for
4 days. Then, total RNA was extracted by using TRIzol Reagent (Thermo Fisher Scientific) and reverse
transcription was performed with 1 µg of RNA using the M-MLV Reverse Transcriptase (Thermo Fisher
Scientific) following the manufacturer’s instructions. Then, qPCR was performed using the 2−∆∆CT
and ACTB (β-actin) as a normalizer gene using Brilliant II SYBR® Green QPCR Master Mix (#600828,
Agilent Technologies, Santa Clara, CA, USA) following the manufacturer’s instructions. The qPCR
reactions were performed with 250 nM of each primer (Table S2).
2.8. Adenosine Accumulation
U87MG and PC GSCs were maintained under standard culture conditions (37 ◦C, 5% CO2) for
4 days. Then, GSCs were washed with PBS 1X two times and incubated in of M21 medium for 12 h
at 37 ◦C. To assess the effect of blocking equilibrative nucleoside transporters on the accumulation
of extracellular adenosine, NBTI was added to the M21 medium for 1 h, at a concentration of 1 µM
to inhibit ENT1 and 10 µM to inhibit ENT1 and ENT2 mediated transport, prepared in 0.1% DMSO.
Subsequently, adenosine quantification proceeded as described in [19,37]. Adenosine concentrations
(nM) were normalized to total protein levels (µg).
2.9. CD73 and PAP Activity
PC-GSCs were exposed to 100 µM AMP (Invitrogen, CA, USA) for 30 min in Tyrode buffer pH 6.0
supplemented with erythro-9-(2-hydroxy-3-nonyl) adenine (EHNA) (Tocris, Bristol, UK), and with
or without 50 mM α-β-methylene ADP (AOPCP) (Tocris, Bristol, UK). The total incubation medium
was immediately centrifuged at 4 ◦C for 5 min at 2500× g. The supernatant was kept on ice. After this
procedure, 200 mL of supernatant was mixed with 100 mL of 0.1 M citrate phosphate buffer pH 4.0.
Adenosine was quantified using derivatization with 2-chloroacetaldehyde and HPLC with fluorometric
detection [37]. The values were expressed as the ratio between generated adenosine to total protein.
CD73 activity was the fraction of AMPase activity inhibited by AOPCP. PAP activity was the difference
between total AMPase activity and the fraction of AMPase activity inhibited by AOPCP.
2.10. Statistics
GraphPad Prism® 6.01 software was used to perform the statistical analysis. Values are shown
as mean ± S.D., where n indicates the number of independent experiments. Statistical analysis was
carried out on raw data using the Peritz F multiple means comparison test. The Student’s t-test was
applied for unpaired data. P and p-adjusted values ≤ 0.05 were considered statistically significant.
3. Results
3.1. ENTs Contribute to the High Level of Extracellular Adenosine in U87MG GSCs
GSCs present higher extracellular adenosine levels than non-GSC differentiated GBM cells [19].
To determine the contribution of concentrative nucleoside transporters (CNTs) and equilibrative
nucleoside transporter (ENTs) activity in the regulation of extracellular adenosine levels, we performed
adenosine uptake assays as described in Methods 2.5. For this, we used GSCs derived from a U87MG
cell line as our model and compared them with U87MG cells in differentiating conditions. As seen in
Figure 1A, U87MG-derived GSCs adenosine uptake was less than a third of non-GSCs. Subsequently,
the contribution of CNTs or ENTs in this context was evaluated. We observed that adenosine uptake in
non-GSCs is mainly mediated by ENTs, however, GSCs significantly decreased ENT-mediated adenosine
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transport relative to non-GSCs (Figure 1B). Due to decreased ENTs activity, the uptake of this nucleoside
becomes mediated in a similar proportion by CNTs and ENTs in GSCs (Figure 1B,C). When evaluating
adenosine uptake mediated by CNTs, we observed that there are no significant differences between GSCs
and non-GCSs (Figure 1C). Subsequently, transcript levels for the genes coding for CNT1 (SLC28A1),
CNT2 (SLC28A2) and CNT3 (SLC28A3), and ENT1 (SLC29A1) and ENT2 (SLC29A2) in GSCs and
non-GCS were evaluated by qRT-PCR. Regarding genes coding for CNTs, only a significant increase in
the transcript level of the SLC28A2 gene was observed in GSCs compared to non-GSCs (Figure 1D).
For genes encoding ENTs, we did not observe significant variations in transcript levels between GSCs
and non-GSCs (Figure 1D). Because we observed a significant difference in ENT-mediated adenosine
uptake between GSCs and non-GSCs, we proceeded to assess the expression and activity levels of the
major members of this transporter family. Western blot analysis of ENT1 and ENT2 proteins (Figure 1E)
shows that there are no significant differences in ENT1 (Figure 1F) and ENT2 (Figure 1G) protein levels
between GSCs and non-GSCs. Subsequently, we performed tests to elucidate the contribution of the
ENT1 and ENT2 transporters on the extracellular uptake and accumulation of adenosine in GSCs and
non-GSCs. We observed a significant decrease in ENT1 mediated adenosine uptake in GSCs compared
to non-GSCs (Figure 2A). No variations were observed in ENT2 mediated uptake under the conditions
described above (Figure 2B). Finally, we developed adenosine accumulation assays as described in
Methods 2.8. It was previously reported that GSCs accumulate more extracellular adenosine than
non-GSC [19] and as seen in Figure 2C, after inhibition of ENT1 mediated uptake, by using NBTI 1 µM,
in GSCs, extracellular adenosine levels significantly increased compared to the control. When inhibiting
transport by ENT1 and ENT2, by using NBTI 10 µM, we observed an increase in extracellular adenosine
levels only compared to the control, without significant changes in the content of extracellular adenosine
when ENT1 mediated transport alone is inhibited.
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Figure 1. Adenosine transport activity in glioblastoma stem-like cells (GSCs) and non-GSCs. U87MG
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cells were subjected to different culture conditions to generate GSCs and non-GSCs as described in the
Methods section. (A) Total adenosine uptake activity mediated by concentrative nucleoside transporter
(CNT) and equilibrative nucleoside transporter (ENT) systems were obtained in a transport buffer
containing Na+. (B) ENTs mediated adenosine uptake was determined by using a Na+ free buffer.
(C) The CNT’s component was derived from the difference between total transport activity in Na+
containing buffer minus the transport activity in Na+ free buffer. (D) qRT-PCR of SLC28A1, SLC28A2,
SLC28A3, SLC29A1, and SLC29A2 in GSCs and non-GSCs. Values were normalized to ACTB mRNA.
(E) Representative western blot of ENT1, ENT2, and β-actin in GSCs and non-GSCs. (F,G) The graphs
represent quantification of signals of ENT1 and ENT2 in western blots normalized against β-actin
signals. The plots represent the means ± S.D. *, p < 0.05. n = 5.
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Figure 2. GSCs exhibit lower ENT1 transport activity relative to non-GSCs. U87MG cells were subjected
to different culture conditions to generate GSCs and non-GSCs as described in the Methods section.
(A) The graph represents ENT1 mediated adenosine uptake as the fraction of transport in a Na+ free
buffer inhibited by 1 µM NBTI. (B) The plot represents ENT2 mediated adenosine uptake as the fraction
of transport in a Na+ free buffer inhibited by 2 mM hypoxanthine. (C) Extracellular adenosine levels
were quantified in culture medium exposed to 1 µM NBTI (to inhibit ENT1) or 10 µM NBTI (to inhibit
ENT1 and ENT2) as described in Methods 2.8. The plots represent the means ± S.D. *, p < 0.05. n = 5.
Based on the evidence above, we concl t at lower ENT1 transport activity contributes to
higher extracellular adenosine l vels in U87 - rived GSCs.
3.2. GSCs Subtypes Exhibit Differential Expression and ctivity Levels of ENTs Which Correlate with Their
Extracellular Adenosi e Levels
The existence of multiple cellular subpopulations of cancer cells has been previously described.
In particular, two main subtypes of patient-derived GSCs can be easily distinguished based on their
molecular signature, therapy responses, and patient survival. The best-accepted classification includes
the mesenchymal (MES) and proneural (PN) subtypes [13–15].
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For this study, we used three primary cultures of GSCs (PC1, PC2, and PC3) previously
characterized according to their growth and malignancy properties [36]. We have observed that
the PC1 and PC2 GSCs grow as neurospheres in suspension, express PN markers such as CD133,
OLIG2, SOX2, miR20b, and miR125b, and have lower glycolytic activity than the PC3 and U87MG
GSCs. In contrast, the PC3 GSCs grows as semi-adherent neurospheres, and like the U87MG GSCs,
they have a high glycolytic activity, have high expression of CD44 and ALDH1A3 mesenchymal markers
and low expression of miR20b and miR125b with respect to the PC1 and PC2 GSCs (see Figure S1).
Taken together, these results suggest that the PC1 and PC2 GSCs exhibit a PN signal, while the PC3 and
U87MG GSCs show MES signal. We evaluated if there are differences in extracellular adenosine levels
based on the phenotypic landscape of the GSCs. There were two significantly different groups for
extracellular adenosine levels (Figure 3A). We observed that the GSCs corresponding to PC1 and PC2,
with PN phenotype, presented lower extracellular adenosine levels compared to the GSCs generated
from PC3 and U87MG, exhibiting MES markers. Subsequently, we evaluated adenosine transport
activity in the aforementioned GSCs. We observed that MES PC3 and U87MG GSCs uptake less
adenosine than PN PC1 and PC2 GSCs (Figure 3B), which corresponds with the higher extracellular
adenosine levels exhibited by MES GSCs compared to PN GSCs (Figure 3A). Subsequently, the influence
of CNTs or ENTs in this context was evaluated. We observed that adenosine uptake for both GSCs
subtypes is mainly mediated by ENTs (Figure 3C,D). The ENT-mediated uptake of adenosine is higher
in PN PC1 and PC2 GSCs compared to MES PC3 and U87MG GSCs (Figure 3C). We also observed that
only a minimal fraction of adenosine uptake is mediated by CNTs in the studied GSCs (Figure 3D).
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Subsequently, the transcript levels of genes coding for CNTs and ENTs in the studied GSCs were
evaluated by qRT-PCR as described in Methods 2.7. There were no significant differences in the
transcript levels of the SLC28A1, SLC28A2, and SLC28A3, coding for CNTs, between the different GSCs
studied (Figure 4A). Regarding genes encoding ENTs, the group of PN GSCs, PC1 and PC2, presented
a higher level of gene transcript for SLC29A1 and SLC29A2 compared to the group of MES GSCs.
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Figure 4. PN GSCs exhibit higher levels of ENT1 expression and activity than MES GSCs. (A) Relative
transcript levels from SLC28A1, SLC28A2, SLC28A3, SLC29A1, and SLC29A2 genes in PN (PC1 and
PC2) and MES (PC3 and U87MG) GSCs. Values were normalized to ACTB mRNA expression.
(B) Representative western blot of ENT1, ENT2, and β-actin in GSCs subtypes. (C,D) The graphs
depict Western blot quantification for ENT1 and ENT2 signals normalized against β-actin signals.
(E,F) The graphs represent ENT1 and ENT2 mediated adenosine uptake as the fraction of the transport
in a Na+ free buffer inhibited by 1 µM NBTI or 2 mM hypoxanthine, respectively. The plots represent
the means ± S.D. *, p < 0.05. n = 5.
Then, we evaluated the expression and activity of the members of the equilibrative nucleoside
transporter family described above. By western blot analysis (Figure 4B), we observed that GSCs PC1
and PC2 present higher ENT1 levels than the GSCs PC3 and U87MG groups. Furthermore, there were
no significant differences in ENT2 protein levels between the different GSCs studied (Figure 4D).
Finally, to elucidate the contribution of ENT1 and ENT2 transporters to extracellular adenosine
accumulation in the groups of GSCs described above, adenosine transport assays were performed.
For ENT1, PC1, and PC2 (PN) adenosine uptake was significantly higher than in PC3 and U87MG
(MES) (Figure 4E). For ENT2, we did not observe variations in adenosine transport activity among the
GSCs (Figure 4F).
Based on this evidence, we can conclude that in MES GSCs the lower expression and activity of
ENT1 correlates with higher extracellular adenosine levels compared to PN GSCs.
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3.3. The GSC Subtypes Differentially Express Adenosine Producing Enzymes But Not Adenosine
Metabolizing Enzymes
Another mechanism that can modulate extracellular adenosine levels is its production through
adenine nucleotides metabolization, a process driven by the action of ectoenzymes that produce
and hydrolyze AMP. Based on this, the transcript level of genes coding ecto-nucleoside triphosphate
diphosphohydrolase (E-NTPDase), ecto-5′-nucleotidase (CD73), and prostatic acid phosphatase (PAP)
were evaluated by qRT-PCR. We observed that the PN GSCs (PC1 and PC2) exhibit significantly higher
transcript levels of the NT5E gene coding for the CD73 protein compared to the MES GSCs (PC3 and
U87MG) (Figure 5A). Regarding the ACPP gene, which encodes PAP, we observed higher transcription
levels in MES GSCs compared to PN GSCs (Figure 5A). No significant changes in ENTPD1 transcript
levels (Figure 5A), which codes for the E-NTPDase, were observed among the different GSCs studied.
Based on this information, the levels of CD73 and PAP proteins in the GSC subtypes were analyzed by
western blot (Figure 5B).
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Figure 5. Expression and activity of AMP metabolizing enzymes in proneural and mesenchymal
GSCs. (A) Relative transcript levels from ENTPD1, NT5E, and ACPP genes in proneural (PC1
and PC2) and mesenchymal (PC3 and U87MG) GSCs. Values were normalized to ACTB mRNA
expression. (B) Representative western blot of CD73, PAP, and β-actin in GSC subtypes. (C,D) Western
Blot quantification of CD73 and PAP signals normalized against β-actin signals. (E,F) CD73 and
PAP-mediated AMPase activity evaluated in proneural and mesenchymal GSCs. The graphs represent
the means ± S.D. *, p < 0.05. n = 5.
We observed that CD73 is expressed in both types of GSCs, but mostly in PN GSCs (Figure 5C).
PAP was expressed predominantly in MES GSCs (Figure 5D). Subsequently, the activity of CD73 and
PAP proteins was evaluated as described in Methods 2.9. We observed that in PN GSCs much of the
AMPase activity is driven by CD73 (Figure 5E), whereas for the MES GSCs subtype, we observed that
AMPase activity presented a mixed component bet een CD73 and PAP (Figure 5D,E). Finally, another
mechanism that can modulate extracellular adenosine levels in GSCs is its degradation. Therefore,
by qRT-PCR we evaluated the transcript levels of the gene coding for adenosine deaminase (ADA),
an enzyme that degrades adenosine to inosine, and the transcript levels of the gene coding for DPP4,
a protein that serves as a binding protein for extracellular ADA in humans. No significant variations
in the transcript levels of the genes coding for ADA and DPP4 were observed between the GSCs
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described above (Figure 6A). Further, as shown in Figure 6D,E there are no significant variations in the
level of ADA and DPP4 proteins between PN and MESGSCs. Therefore, we conclude that adenosine
degradation is not the preponderant factor in modulating the differential extracellular adenosine levels
observed in the GSCs studied.
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4. Discussion
The therapy resistance and relapse presented by the glioblastoma (GBM) are driven by glioma
stem cells (GSCs) [38]. In recent years GSCs have been categorized based on their molecular and
phenotypic differences in mesenchymal (MES) GSCs that have higher rates of proliferation in vitro
and are more resistant to radiation than proneural (PN) GSCs [10,16]. Primary PN GBM, originally
responsive to treatment, may relapse as MES tumors which become refractory to treatment [38]. Thus,
understanding the properties of both GSC subpopulations is clinically relevant for the management
of patients. Our research group previously demonstrated that GSCs have high levels of extracellular
adenosine compared to non-GSCs [19], which is associated with pathogenic signaling through the
adenosine receptor which in turn mediates the greater chemoresistant and invasive potential observed
in GBM [6,19,39]. Although adenosine-producing enzymes in glioblastoma cells were previously
identified [27], there is no information regarding the contribution of nucleoside transporters nor
ectoenzymes to extracellular adenosine levels in GSCs subtypes. Nucleoside transporters play a key
role in the physiologic control of adenosine by regulating the extracellular adenosine available for
cell-surface receptors [40]. Information regarding the expression of CNTs and ENTs is also scarce;
however, in 2006, an article indicated that in U87 cells, uptake of radiolabeled adenosine appeared
to be via both an ENT Na+-independent and a Na+-dependent CNT mechanism, which is in line
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with our results [40]. Regarding total transport, we observed a drastic reduction in the uptake of
adenosine in GSCs compared to non-GSCs, which leads to an increase in the extracellular level of
this nucleoside. Alterations in the expression levels of nucleoside transporters lead to increased
extracellular adenosine levels in various cell types [32,33,41]. Despite this, we observed no significant
variations in the transcript or protein levels of ENT1 or ENT2 transporters between non-GSCs and
GSCs (Figure 1B,E–G). The mechanisms involved in regulating the expression and activity of CNTs
and ENTs have not yet been fully described. However, studies show the dual distribution of ENT1
and ENT2 between the intracellular compartment and the plasma membrane [42,43]. Furthermore,
Alarcon et al., 2017, showed that changes in transporter Vmax may be due to altered transport efficiency,
the number of transporters at the plasma membrane, or both [32]. Additionally, phosphorylation of
ENT1 by CK2 leads to a reduction in Vmax and this decrease in the membrane transporter affects
its capacity to transport adenosine [44]. ENT1 activity may be modulated by oligomerization with
ENT2 [45]; however, more studies are required to determine how the transition towards GSCs of
U87MG can affect ENT1 activity. A different situation was observed when comparing PN and MES
GSCs, where ENT1 expression is affected. Some studies indicate that ENT1 expression can be regulated
by hypoxia [46,47]; therefore, differences in hypoxic factor activation between PN and MES GSCs may
influence adenosine uptake [48–50].
Due to the relatively high activity of intracellular adenosine kinase and the normally low
intracellular adenosine levels, the net flux through ENTs is inwardly directed under normal
conditions [51], such that the request for ENT activity is reflected in the permanence of extracellular
adenosine. Several reports in diverse cell types agree with our obtained data. Studies using Human
Umbilical Vein Endothelial Cells (HUVECs) and Placenta Microvascular Endothelial Cells (PMECs)
have shown that control of extracellular adenosine levels via P1 receptors also involves ENT modulation,
in particular, the ENT1 and ENT2 subtypes [52,53]. A study in samples from patients with schizophrenia
shows that the inhibition of ENT1 transport activity leads to elevated adenosine levels [54]. Additionally,
the ENT1 antagonist mediated a dose-dependent increase in extracellular adenosine levels, activating
the different adenosine receptors [55]. This has also been described in animal models, where intrastriatal
administration of ENT1 inhibitors increased extracellular adenosine levels in the striatum of R6/2
mice [56]. The ENT1-null mice also have increased adenosine plasma levels [57,58].
In the cells evaluated, CNT-mediated adenosine transport corresponds to a smaller fraction of
adenosine transport in both GSC subtypes. Based on the Km values of CNTs compared to ENTs (CNT2
8 µM, CNT3 15 µM, ENT1 40 µM, ENT2 140 µM) [59], it seems that CNTs are key players in ensuring
the availability of precursors for the synthesis of nucleotides through the rescue pathway. However,
from a pharmacological point of view, increased ENT activity in GSCs offers an opportunity for the
development of an anti-tumor treatment directed at GSCs. Nucleoside analogues such as 5-fluorouracil
could be efficiently taken up by the PN GSCs. Currently, no clinical studies have demonstrated the
susceptibility of GBM to this family of drugs.
Interestingly, we noted that in PN GSCs most AMPase activity is supported by CD73. However,
in MES GSCs, we detected that AMPase activity is co-conducted by CD73 and PAP. Previous
studies have demonstrated a correlation between high CD73 levels with the enhanced migratory and
invasive capacity of glioma cells [6,60]. Further, we recently demonstrated that PAP is involved in
adenosine-dependent EMT marker expression, migration, and GSCs invasion, characteristics that have
been attributed to the MES subtype [6,13–15]. Based on their Km values (PAP: 0.37–2 mM: CD73:
24 µM) using AMP as a substrate [61–63], a preponderant role of CD73 could be conjectured around
the formation of adenosine over PAP. Further, it has been suggested that the conversion of AMP to
adenosine may be produced by CD73 and, less efficiently, by alkaline phosphatase (PAP) [64]. However,
the acidification of the tumor microenvironment caused by lactic acid which is secreted from cancer
cells could lead to disturbances around the activity of the proteins in question [65–67]. Studies suggest
that PAP acts as an ecto-5′-nucleotidase with relative selectivity for AMP at a neutral pH and as a
generic ectonucleotidase with selectivity for AMP, ADP, and ATP at an acidic pH [68]. This indicates a
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possible advantage in the formation of adenosine in mesenchymal GSCs containing PAP (Figure 5E,F).
Concerning to extracellular adenosine catabolism, it has been described that DPP4 serves as a binding
protein for extracellular ADA in humans, anchoring it to the cell surface and thus reducing local levels
of adenosine [69]. On the other hand, Ado can be degraded by the action of the ADA enzyme intra
and extracellularly thus, changes in its expression or activity can lead to variations in the capacity of
the enzyme to degrade adenosine [70–72]. We did not observe significant differences in the expression
of ADA and DPP4 between the studied GSC subtypes. Further, we were unable to detect changes in
ADA activity in the studied GSC subtypes (data not shown). Therefore, we did not find a correlation
between altered adenosine catabolism and the high extracellular levels present in GSCs. Although
lower ENT1 activity in mesenchymal GSCs may have a preponderant role in the accumulation of
extracellular adenosine, another very important factor that can influence this condition is the different
metabolic properties between the GSC subtypes and the ability to produce and extrude nucleotides.
In this study, we showed that MES GSCs also exhibit higher extracellular levels of ATP, ADP, and AMP
than those observed in the PN cells (data not shown). Based on this, we deduced that the extracellular
metabolism of nucleotides in the MES subtype is displaced towards the synthesis of adenosine from
precursors released by these same cells.
5. Conclusions
The extracellular concentration of adenosine is tightly regulated by multiple mechanisms that lead
to transient or sustained adenosine accumulation. This study evaluated three important pathways that
can regulate the amount of extracellular adenosine, these being the catabolism of precursor nucleotides,
the nucleosidases degradative pathway, and the flux of adenosine through the plasma membrane.
Based on the obtained results, we can conclude that MES GSCs have a higher level of extracellular
adenosine than PN GSCs, with the lower expression and activity of the ENT1 transporter, being the
most relevant engine in limiting adenosine uptake to be cleared by the cells. Finally, these results
highlight adenosinergic signaling as a potential marker and therapeutic target of the most aggressive
phenotype of GSCs.
Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/8/1914/s1,
Table S1: List of antibodies used in this study; Table S2: List of primer sequences used for qRT-PCR; Figure
S1: Characterization of the GSC subtypes; Supplementary Materials and Methods S1: microRNA Isolation and
RT-qPCR, RNA extraction and RT-qPCR, Glycolysis Cell-Based Assay.
Author Contributions: Funding aquisition, S.A. and C.Q.; investigation, S.A., M.d.l.Á.T., C.V., R.S.M., R.F.,
A.A.S., D.U. and R.S.M.; methodology, S.A., M.d.l.Á.T. and R.S.M.; project administration, S.A., R.S.M. and C.Q.;
writing-original draft, S.A.; writing-review and editing, S.A., D.U., R.S.M. and C.Q.; formal analysis, M.d.l.Á.T.
and C.Q.; resources, R.M., R.F., A.A.S. and C.Q.; data curation, C.Q.; validation, C.Q. All authors have read and
agreed to the published version of the manuscript.
Funding: This research was funded by FONDECYT-POSTDOCTORADO Nº3170851 (S.A.) and FONDECYT
grants Nº1160777 (C.Q.), Nº1200885 (C.Q.) and Nº1171340 (R.S.M.).
Acknowledgments: We acknowledge VIDCA, UACh.
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.
References
1. Hanif, F.; Muzaffar, K.; Perveen, K.; Malhi, S.M.; Simjee, S.U. Glioblastoma multiforme: A review of its
epidemiology and pathogenesis through clinical presentation and treatment. Asian Pac. J. Cancer Prev. 2017.
2. Bahadur, S.; Kumar Sahu, A.; Baghel, P.; Saha, S. Current promising treatment strategy for glioblastoma
multiform: A review. Oncol. Rev. 2019. [CrossRef]
3. Lee, D.H.; Ryu, H.W.; Won, H.R.; Kwon, S.H. Advances in epigenetic glioblastoma therapy. Oncotarget 2017.
[CrossRef]
Cells 2020, 9, 1914 13 of 16
4. Wolf, K.J.; Chen, J.; Coombes, J.D.; Aghi, M.K.; Kumar, S. Dissecting and rebuilding the glioblastoma
microenvironment with engineered materials. Nat. Rev. Mater. 2019. [CrossRef]
5. Shergalis, A.; Bankhead, A.; Luesakul, U.; Muangsin, N.; Neamati, N. Current challenges and opportunities
in treating glioblastomas. Pharmacol. Rev. 2018. [CrossRef]
6. Torres, Á.; Erices, J.I.; Sanchez, F.; Ehrenfeld, P.; Turchi, L.; Virolle, T.; Uribe, D.; Niechi, I.; Spichiger, C.;
Rocha, J.D.; et al. Extracellular adenosine promotes cell migration/invasion of Glioblastoma Stem-like Cells
through A 3 Adenosine Receptor activation under hypoxia. Cancer Lett. 2019. [CrossRef]
7. Kalra, B.; Kannan, S.; Gupta, T. Optimal adjuvant therapy in elderly glioblastoma: Results from a systematic
review and network meta-analysis. J. Neurooncol. 2020. [CrossRef]
8. Zhu, P.; Du, X.L.; Lu, G.; Zhu, J.J. Survival benefit of glioblastoma patients after FDA approval of temozolomide
concomitant with radiation and bevacizumab: A population-based study. Oncotarget 2017. [CrossRef]
9. Bradshaw, A.; Wickremsekera, A.; Tan, S.T.; Peng, L.; Davis, P.F.; Itinteang, T. Cancer Stem Cell Hierarchy in
Glioblastoma Multiforme. Front. Surg. 2016. [CrossRef]
10. Safa, A.R.; Saadatzadeh, M.R.; Cohen-Gadol, A.A.; Pollok, K.E.; Bijangi-Vishehsaraei, K. Glioblastoma stem
cells (GSCs) epigenetic plasticity and interconversion between differentiated non-GSCs and GSCs. Genes Dis.
2015. [CrossRef] [PubMed]
11. Krichevsky, A.M.; Uhlmann, E.J. Oligonucleotide Therapeutics as a New Class of Drugs for Malignant Brain
Tumors: Targeting mRNAs, Regulatory RNAs, Mutations, Combinations, and Beyond. Neurotherapeutics
2019. [CrossRef] [PubMed]
12. Huang, T.; Alvarez, A.; Pangeni, R.; Horbinski, C.; Lu, S.; James, C.D.; Raizer, J.; Brenann, C.; Sulman, E.;
Finocchiaro, G.; et al. CSIG-08. A regulatory circuit of miR-125b/miR-20b and Wnt signalling controls
glioblastoma phenotypes through FZD6-modulated pathways. Neuro. Oncol. 2016. [CrossRef]
13. Bhat, K.P.L.; Balasubramaniyan, V.; Vaillant, B.; Ezhilarasan, R.; Hummelink, K.; Hollingsworth, F.; Wani, K.;
Heathcock, L.; James, J.D.; Goodman, L.D.; et al. Mesenchymal Differentiation Mediated by NF-κB Promotes
Radiation Resistance in Glioblastoma. Cancer Cell 2013. [CrossRef] [PubMed]
14. Mao, P.; Joshi, K.; Li, J.; Kim, S.H.; Li, P.; Santana-Santos, L.; Luthra, S.; Chandran, U.R.; Benos, P.V.; Smith, L.;
et al. Mesenchymal glioma stem cells are maintained by activated glycolytic metabolism involving aldehyde
dehydrogenase 1A3. Proc. Natl. Acad. Sci. USA 2013. [CrossRef]
15. Minata, M.; Audia, A.; Shi, J.; Lu, S.; Bernstock, J.; Pavlyukov, M.S.; Das, A.; Kim, S.H.; Shin, Y.J.; Lee, Y.; et al.
Phenotypic Plasticity of Invasive Edge Glioma Stem-like Cells in Response to Ionizing Radiation. Cell Rep.
2019. [CrossRef] [PubMed]
16. Garnier, D.; Renoult, O.; Alves-Guerra, M.C.; Paris, F.; Pecqueur, C. Glioblastoma stem-like cells, Metabolic
strategy to kill a challenging target. Front. Oncol. 2019. [CrossRef]
17. Auffinger, B.; Spencer, D.; Pytel, P.; Ahmed, A.U.; Lesniak, M.S. The role of glioma stem cells in chemotherapy
resistance and glioblastoma multiforme recurrence. Expert Rev. Neurother. 2015. [CrossRef] [PubMed]
18. Yi, Y.; Hsieh, I.Y.; Huang, X.; Li, J.; Zhao, W. Glioblastoma stem-like cells: Characteristics, microenvironment,
and therapy. Front. Pharmacol. 2016. [CrossRef]
19. Torres, A.; Vargas, Y.; Uribe, D.; Jaramillo, C.; Gleisner, A.; Salazar-Onfray, F.; López, M.N.; Melo, R.;
Oyarzún, C.; Martín, R.S.; et al. Adenosine A 3 receptor elicits chemoresistance mediated by multiple
resistance-associated protein-1 in human glioblastoma stem-like cells. Oncotarget 2016. [CrossRef]
20. Ceruti, S.; Abbracchio, M.P. Adenosine Signaling in Glioma Cells. In Advances in Experimental Medicine and
Biology; Springer: Dordrecht, The Netherlands, 2020.
21. Yan, A.; Joachims, M.L.; Thompson, L.F.; Miller, A.D.; Canoll, P.D.; Bynoe, M.S. CD73 promotes glioblastoma
pathogenesis and enhances its chemoresistance via A2B adenosine receptor signaling. J. Neurosci. 2019.
[CrossRef]
22. Soliman, A.M.; Fathalla, A.M.; Moustafa, A.A. Adenosine role in brain functions: Pathophysiological
influence on Parkinson’s disease and other brain disorders. Pharmacol. Rep. 2018. [CrossRef]
23. Fried, N.T.; Elliott, M.B.; Oshinsky, M.L. The role of adenosine signaling in headache: A review. Brain Sci.
2017, 7, 30. [CrossRef] [PubMed]
24. Jacobson, K.A.; Gao, Z.G. Adenosine receptors as therapeutic targets. Nat. Rev. Drug Discov. 2006. [CrossRef]
[PubMed]
Cells 2020, 9, 1914 14 of 16
25. Niechi, I.; Uribe-Ojeda, A.; Erices, J.I.; Torres, Á.; Uribe, D.; Rocha, J.D.; Silva, P.; Richter, H.G.;
San Martín, R.; Quezada, C. Adenosine Depletion as A New Strategy to Decrease Glioblastoma Stem-Like
Cells Aggressiveness. Cells 2019, 8, 1353. [CrossRef] [PubMed]
26. Liu, T.Z.; Wang, X.; Bai, Y.F.; Liao, H.Z.; Qiu, S.C.; Yang, Y.Q.; Yan, X.H.; Chen, J.; Guo, H.B.; Zhang, S.Z.
The HIF-2alpha dependent induction of PAP and adenosine synthesis regulates glioblastoma stem cell
function through the A2B adenosine receptor. Int. J. Biochem. Cell Biol. 2014. [CrossRef] [PubMed]
27. Quezada, C.; Garrido, W.; Oyarzún, C.; Fernández, K.; Segura, R.; Melo, R.; Casanello, P.; Sobrevia, L.;
San Martín, R. 5′-ectonucleotidase mediates multiple-drug resistance in glioblastoma multiforme cells. J. Cell.
Physiol. 2013. [CrossRef]
28. Boswell-Casteel, R.C.; Hays, F.A. Equilibrative nucleoside transporters—A review. Nucleosides Nucleotides
Nucleic Acids 2017. [CrossRef]
29. Pastor-Anglada, M.; Pérez-Torras, S. Emerging roles of nucleoside transporters. Front. Pharmacol. 2018.
[CrossRef]
30. Pastor-Anglada, M.; Pérez-Torras, S. Who is who in Adenosine transport. Front. Pharmacol. 2018. [CrossRef]
31. Köhler, D.; Streißenberger, A.; Morote-García, J.C.; Granja, T.F.; Schneider, M.; Straub, A.; Boison, D.;
Rosenberger, P. Inhibition of Adenosine Kinase Attenuates Acute Lung Injury. Crit. Care Med. 2016.
[CrossRef]
32. Alarcón, S.; Garrido, W.; Cappelli, C.; Suárez, R.; Oyarzún, C.; Quezada, C.; San Martín, R. Deficient
Insulin-mediated Upregulation of the Equilibrative Nucleoside Transporter 2 Contributes to Chronically
Increased Adenosine in Diabetic Glomerulopathy. Sci. Rep. 2017. [CrossRef]
33. Kretschmar, C.; Oyarzún, C.; Villablanca, C.; Jaramillo, C.; Alarcón, S.; Perez, G.; Díaz-Encarnación, M.M.;
Pastor-Anglada, M.; Garrido, W.; Quezada, C.; et al. Reduced Adenosine Uptake and Its Contribution to
Signaling that Mediates Profibrotic Activation in Renal Tubular Epithelial Cells: Implication in Diabetic
Nephropathy. PLoS ONE 2016, 11, e0147430. [CrossRef] [PubMed]
34. Rehan, S.; Shahid, S.; Salminen, T.A.; Jaakola, V.P.; Paavilainen, V.O. Current Progress on Equilibrative
Nucleoside Transporter Function and Inhibitor Design. SLAS Discov. 2019. [CrossRef] [PubMed]
35. Huang, W.; Zeng, X.; Shi, Y.; Liu, M. Functional characterization of human equilibrative nucleoside transporter
1. Protein Cell 2017. [CrossRef] [PubMed]
36. García-Romero, N.; González-Tejedo, C.; Carrión-Navarro, J.; Esteban-Rubio, S.; Rackov, G.;
Rodríguez-Fanjul, V.; Oliver-De La Cruz, J.; Prat-Acín, R.; Peris-Celda, M.; Blesa, D.; et al. Cancer
stem cells from human glioblastoma resemble but do not mimic original tumors after in vitro passaging in
serum-free media. Oncotarget 2016. [CrossRef] [PubMed]
37. Oyarzún, C.; Salinas, C.; Gómez, D.; Jaramillo, K.; Pérez, G.; Alarcón, S.; Podestá, L.; Flores, C.; Quezada, C.;
San Martín, R. Increased levels of adenosine and ecto 5′-nucleotidase (CD73) activity precede renal alterations
in experimental diabetic rats. Biochem. Biophys. Res. Commun. 2015. [CrossRef]
38. Guardia, G.D.A.; Correa, B.R.; Araujo, P.R.; Qiao, M.; Burns, S.; Penalva, L.O.F.; Galante, P.A.F. Proneural and
mesenchymal glioma stem cells display major differences in splicing and lncRNA profiles. NPJ Genom. Med.
2020. [CrossRef]
39. Rocha, R.; Torres, Á.; Ojeda, K.; Uribe, D.; Rocha, D.; Erices, J.; Niechi, I.; Ehrenfeld, P.; Martín, R.S.;
Quezada, C. The adenosine A3 receptor regulates differentiation of glioblastoma stem-like cells to endothelial
cells under hypoxia. Int. J. Mol. Sci. 2018, 19, 1228. [CrossRef]
40. Cho, S.Y.; Polster, J.; Engles, J.M.; Hilton, J.; Abraham, E.H.; Wahl, R.L. In vitro evaluation of adenosine
5′-monophosphate as an imaging agent of tumor metabolism. J. Nucl. Med. 2006.
41. Westermeier, F.; Salomón, C.; González, M.; Puebla, C.; Guzmán-Gutiérrez, E.; Cifuentes, F.; Leiva, A.;
Casanello, P.; Sobrevia, L. Insulin restores gestational diabetes mellitus-reduced adenosine transport involving
differential expression of insulin receptor isoforms in human umbilical vein endothelium. Diabetes 2011.
[CrossRef]
42. Aguayo, C.; Casado, J.; González, M.; Pearson, J.D.; San Martín, R.; Casanello, P.; Pastor-Anglada, M.;
Sobrevia, L. Equilibrative nucleoside transporter 2 is expressed in human umbilical vein endothelium, but is
not involved in the inhibition of adenosine transport induced by hyperglycaemia. Placenta 2005. [CrossRef]
43. Parodi, J.; Flores, C.; Aguayo, C.; Rudolph, M.I.; Casanello, P.; Sobrevia, L. Inhibition of
nitrobenzylthioinosine-sensitive adenosine transport by elevated elevated D-glucose involves activation of
P2Y2 purinoceptors in human umbilical vein endothelial cells. Circ. Res. 2002. [CrossRef] [PubMed]
Cells 2020, 9, 1914 15 of 16
44. Bone, D.B.J.; Robillard, K.R.; Stolk, M.; Hammond, J.R. Differential regulation of mouse equilibrative
nucleoside transporter 1 (mENT1) splice variants by protein kinase CK2. Mol. Membr. Biol. 2007. [CrossRef]
[PubMed]
45. Grañe-Boladeras, N.; Williams, D.; Tarmakova, Z.; Stevanovic, K.; Villani, L.A.; Mehrabi, P.; Michael Siu, K.W.;
Pastor-Anglada, M.; Coe, I.R. Oligomerization of equilibrative nucleoside transporters: A novel regulatory
and functional mechanism involving PKC and PP1. FASEB J. 2019. [CrossRef]
46. Eltzschig, H.K.; Abdulla, P.; Hoffman, E.; Hamilton, K.E.; Daniels, D.; Schönfeld, C.; Löffler, M.; Reyes, G.;
Duszenko, M.; Karhausen, J.; et al. HIF-1-dependent repression of equilibrative nucleoside transporter (ENT)
in hypoxia. J. Exp. Med. 2005. [CrossRef] [PubMed]
47. Morote-Garcia, J.C.; Rosenberger, P.; Nivillac, N.M.I.; Coe, I.R.; Eltzschig, H.K. Hypoxia-Inducible
Factor-Dependent Repression of Equilibrative Nucleoside Transporter 2 Attenuates Mucosal Inflammation
During Intestinal Hypoxia. Gastroenterology 2009. [CrossRef]
48. Jin, X.; Kim, L.J.Y.; Wu, Q.; Wallace, L.C.; Prager, B.C.; Sanvoranart, T.; Gimple, R.C.; Wang, X.; Mack, S.C.;
Miller, T.E.; et al. Targeting glioma stem cells through combined BMI1 and EZH2 inhibition. Nat. Med. 2017.
[CrossRef]
49. Behnan, J.; Finocchiaro, G.; Hanna, G. The landscape of the mesenchymal signature in brain tumours. Brain
2019. [CrossRef]
50. Ho, I.A.W.; Shim, W.S.N. Contribution of the microenvironmental niche to glioblastoma heterogeneity.
Biomed Res. Int. 2017. [CrossRef]
51. Zhang, J.; Wang, C.; Shi, H.; Wu, D.; Ying, W. Extracellular degradation into adenosine and the activities of
adenosine kinase and AMPK mediate extracellular NAD+-produced increases in the adenylate pool of BV2
microglia under basal conditions. Front. Cell. Neurosci. 2018. [CrossRef]
52. Pardo, F.; Arroyo, P.; Salomón, C.; Westermeier, F.; Salsoso, R.; Sáez, T.; Guzmán-Gutiérrez, E.; Leiva, A.;
Sobrevia, L. Role of equilibrative adenosine transporters and adenosine receptors as modulators of the
human placental endothelium in gestational diabetes mellitus. Placenta 2013. [CrossRef]
53. Escudero, C.; Casanello, P.; Sobrevia, L. Human Equilibrative Nucleoside Transporters 1 and 2 may be
Differentially Modulated by A2B Adenosine Receptors in Placenta Microvascular Endothelial Cells from
Pre-eclampsia. Placenta 2008. [CrossRef] [PubMed]
54. Shan, D.; Haroutunian, V.; Meador-Woodruff, J.H.; McCullumsmith, R.E. Expression of equilibrative
nucleoside transporter type 1 protein in elderly patients with schizophrenia. Neuroreport 2012. [CrossRef]
[PubMed]
55. Cui, M.; Bai, X.; Li, T.; Chen, F.; Dong, Q.; Zhao, Y.; Liu, X. Decreased Extracellular Adenosine Levels Lead to
Loss of Hypoxia-Induced Neuroprotection after Repeated Episodes of Exposure to Hypoxia. PLoS ONE
2013, 8, e57065. [CrossRef]
56. Kao, Y.H.; Lin, M.S.; Chen, C.M.; Wu, Y.R.; Chen, H.M.; Lai, H.L.; Chern, Y.; Lin, C.J. Targeting ENT1 and
adenosine tone for the treatment of Huntington’s disease. Hum. Mol. Genet. 2017. [CrossRef] [PubMed]
57. Rose, J.B.; Naydenova, Z.; Bang, A.; Eguchi, M.; Sweeney, G.; Choi, D.S.; Hammond, J.R.; Coe, I.R.
Equilibrative nucleoside transporter 1 plays an essential role in cardioprotection. Am. J. Physiol.-Hear.
Circ. Physiol. 2010. [CrossRef]
58. Rose, J.B.; Naydenova, Z.; Bang, A.; Ramadan, A.; Klawitter, J.; Schram, K.; Sweeney, G.; Grenz, A.;
Eltzschig, H.; Hammond, J.; et al. Absence of equilibrative nucleoside transporter 1 in ENT1 knockout mice
leads to altered nucleoside levels following hypoxic challenge. Life Sci. 2011. [CrossRef]
59. You, G.; Morris, M.E. Drug Transporters: Molecular Characterization and Role in Drug Disposition; John Wiley
and Sons: Hoboken, NJ, USA, 2006; ISBN 9780471784913.
60. Cappellari, A.R.; Rockenbach, L.; Dietrich, F.; Clarimundo, V.; Glaser, T.; Braganhol, E.; Abujamra, A.L.;
Roesler, R.; Ulrich, H.; Liveira Battastini, A.M. Characterization of Ectonucleotidases in Human
Medulloblastoma Cell Lines: Ecto-5′NT/CD73 in Metastasis as Potential Prognostic Factor. PLoS ONE 2012,
7, e47468. [CrossRef]
61. Dziembor-Gryszkiewicz, E.; Fikus, M.; Kazimierczuk, Z.; Ostrowski, W. Activity of human prostatic acid
phosphatase toward purine 5′-phosphonucleosides. Bull. Acad. Pol. Sci. Ser. Sci. Biol. 1978.
62. Lam, K.W.; Li, O.; Li, C.Y.; Yam, L.T. Biochemical properties of human prostatic acid phosphatase. Clin. Chem.
1973. [CrossRef]
Cells 2020, 9, 1914 16 of 16
63. Raza, R.; Saeed, A.; Lecka, J.; Sevigny, J.; Iqbal, J. Identification of Small Molecule Sulfonic Acids as
Ecto-5′-Nucleotidase Inhibitors. Med. Chem. (Los Angeles) 2012. [CrossRef]
64. Schneider, E.; Rissiek, A.; Winzer, R.; Puig, B.; Rissiek, B.; Haag, F.; Mittrücker, H.W.; Magnus, T.; Tolosa, E.
Generation and Function of Non-cell-bound CD73 in Inflammation. Front. Immunol. 2019. [CrossRef]
65. Jiang, B. Aerobic glycolysis and high level of lactate in cancer metabolism and microenvironment. Genes Dis.
2017. [CrossRef]
66. Hu, X.; Chao, M.; Wu, H. Central role of lactate and proton in cancer cell resistance to glucose deprivation
and its clinical translation. Signal Transduct. Target. Ther. 2017. [CrossRef]
67. Huber, V.; Camisaschi, C.; Berzi, A.; Ferro, S.; Lugini, L.; Triulzi, T.; Tuccitto, A.; Tagliabue, E.; Castelli, C.;
Rivoltini, L. Cancer acidity: An ultimate frontier of tumor immune escape and a novel target of
immunomodulation. Semin. Cancer Biol. 2017. [CrossRef] [PubMed]
68. Sowa, N.A.; Vadakkan, K.I.; Zylka, M.J. Recombinant mouse PAP has pH-dependent ectonucleotidase
activity and acts through A1-adenosine receptors to mediate antinociception. PLoS ONE 2009, 4, e4248.
[CrossRef] [PubMed]
69. Mandapathil, M.; Szczepanski, M.J.; Harasymczuk, M.; Ren, J.; Cheng, D.; Jackson, E.K.; Gorelik, E.;
Johnson, J.T.; Lang, S.; Whiteside, T.L. CD26 expression and adenosine deaminase activity in regulatory T
cells (Treg) and cd4+ T effector cells in patients with head and neck squamous cell carcinoma. Oncoimmunology
2012. [CrossRef] [PubMed]
70. Flinn, A.M.; Gennery, A.R. Adenosine deaminase deficiency: A review. Orphanet J. Rare Dis. 2018. [CrossRef]
71. Whitmore, K.V.; Gaspar, H.B. Adenosine deaminase deficiency—More than just an immunodeficiency.
Front. Immunol. 2016. [CrossRef]
72. Silva-Vilches, C.; Ring, S.; Mahnke, K. ATP and its metabolite adenosine as regulators of dendritic cell activity.
Front. Immunol. 2018. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
